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aDepartamento de Ingenieŕıa Mecánica, Facultad Regional La Plata, Universidad
Tecnológica Nacional, CONICET, Avenida 60 Esq. 124, 1900 La Plata, Argentina.
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Abstract
We report experimental results on the transport of proppant in a scaled pla-
nar cell. As a complement to many previous studies, we consider, apart from
a proper scaling of the experimental cell and flow rate, a scaling of the per-
forations through which the fracturing slurry is injected. We also consider a
fracture height relatively larger than usual, compatible with thick formations
such as Vaca Muerta, Neuquén basin (Argentina). Under these conditions, we
find that the flow pattern in the fracture presents large vortexes. The effect
on the proppant transport is significant, yielding a much deeper placement
of the dune than previously observed in similar experiments. We discuss the
implications for the design of hydraulic fracturing operations.
Keywords: Proppant transport, Hydraulic stimulation, Multiphase flow
1. Introduction
Hydraulic fracturing is part of standard completion practices in shale
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formations to stimulate the production of hydrocarbons [1, 2]. One important
aspect of this process is the packing of a propping agent that can keep the
fracture open and conductive after completion, during the production life
of the well. The granular materials used as proppants are expected to fill
the fracture over a large extension, including the near wellbore area, and
remain stable in place leaving a highly porous media through which the
formation fluids can flow through into the wellbore [3]. These goals are often
unmet due to a number of effects that impact the initial placement of the
proppant (e.g., screening), its long-term stability (e.g., flowback) and/or its
conductivity (e.g., spalling, embedding) [4].
Although there exist an extensive development of models for particle
transport in fluids (for a review see [5]), the complexity of fluid flow in a
fracture requires specific experimental and modeling studies [6]. A number
of studies have considered experimental slot cells to model the transport of
proppant in a planar fracture. In a pioneering work, Kern et al. [7] per-
formed some of the first slot flow experiments. The cell consisted of a steel
and acrylic slot (0.56 m × 0.19 m × 6.35 mm). The fluid (water and 20-40
mesh sand) was pumped to reach between 0.6 and 1.5 m/s. These velocities
are actually above most estimations for a field operation, which are typically
between 0.3 and 0.5 m/s [3, 8]. There are no explicit comments in their
work regarding the way perforations were modeled; however, one may spec-
ulate that injection was made using a slot on the casing of the same height
and aperture of the cell (i.e., 0.19m × 6.35mm) instead of perforations. The
main conclusion of this study is that at high fluid velocities, proppant does














settled dune develops soon after injection of the sand. The growth of the
dune reduces the cross-section available to the flow, which induces an in-
crease of the fluid velocity (at constant pumping rate). As a consequence,
erosion is enhanced. Eventually, the balance between dune growth and ero-
sion enhancement leads to an equilibrium height for the dune. The proppant
injected at a later stage is dragged above the dune along a “traction carpet”
and deposited farther downstream, leading to the horizontal growth of the
dune. Based on these results, Kern et al. [7] suggested that the proppant that
one desires to place closer to the wellbore (usually the larger mesh) should
be injected first rather than last in the operation. A number of authors have
reported similar results to those presented by Kern et al. [8–11]. However,
there has been some skepticism regarding the extrapolation of these results
to field operations where the traction carpet may never develop [12]. Most
operations are still based on the “first in – deeper travels” assumption.
An important contribution to the knowledge of proppant transport has
come in recent years by the experiments from the consortium lead by STIM-
LAB.1 Their experiments on a vertical slot (2.44 m × 0.305 m × 8.0 mm)
have confirmed some of the initial results by Kern et al. Most experiments
reported in this setup consider, however, fluid velocities much lower than
those studied by Kern et al. The maximum mean velocities in the fracture
is about 0.1 m/s, which is one third to one forth of the expected mean ve-
locities in a field operation [9–11]. In an earlier experiment [13], a much















pumping rates were smaller and the mean fluid velocity was about 0.02 m/s.
One important conclusion of this work was that vertical proppant velocities
caused by convective motion, when fluids of different densities are pumped
in consecutive stages, can be hundreds of times faster than single particle
settling velocities. This was also pointed out a few years earlier by Cleary
and Fonseca [14].
In a PhD dissertation, Liu [15] presented an apparatus designed to match
the field Reynolds numbers. The system required a large positive displace-
ment pump and instead of pumping uniformly across the fracture length, Liu
used ten perforations that could be opened and closed to simulate different
injection points that would mimic the perforation clusters created during the
plug-and-perf operation. Although the precise dimensions of the perforations
are not reported, the jet velocity achieved suggests that these were somewhat
large compared to the relative height of the fracture. Nevertheless, the ex-
periments by Liu are possibly closer to a realistic scaling than most others.
Apart from the effect of traction carpet, Liu emphasized that when pumping
through only one or two perforations, the flow developed large eddies that
erode the sand from the initial part of the cell, leaving the propped region
disconnected from the wellbore.
More recently, Sahai et al. [8] have presented results consistent with
those of Kern et al. and STIM-LAB. Moreover, these authors have consid-
ered complex geometries with branching fractures. In the main vertical slot
(1.22 m × 0.61 m × 5.5 mm), the fluid and particles are injected through
various injection inlets, reaching a maximum mean fluid velocity in the cell














where mean fluid velocity is similar to the one expected in field operations,
and this has been achieved thanks to a previous design where model scaling
was central. The dimensions chosen for the inlet perforations has not been
specified and there is not a specific discussion on their scaling. One may have
expected that these experiments reported large eddies, however the authors
do not seem to consider this phenomenon somehow important.
Other studies have considered vertical cells of different sizes and used
different fluid velocities. In general, mean fluid velocities are smaller than
recommended by proper scaling and the scaling of the perforations is disre-
garded. Malhotra et al. [16] considered a small cell with mean fluid velocity
around 0.037 m/s. Kadhim et al. [17] developed a cell where they did not
have proper control on fluid velocity. Ferández et al. [18] did not exceed 0.1
m/s in fluid velocity in a small cell (although they did use small injection
perforations). Ray et al. [19] focused on the bridging phenomenon using a
small scale cell, but they worked at low fluid velocities of about 0.01 m/s.
One important aspect for the flow pattern is the actual height of the
fracture. Most previous studies have considered long but not too tall slots.
This may be reasonable when considering some thin formations. However, for
thick formations, such as the Vaca Muerta shale, Neuquén basin (Argentina),
fractures can be significantly tall [20]. In tall fractures, effects like traction
carpet can be difficult to achieve and probably only a portion of the fracture
height can be effectively propped.
In this work, we pay special attention to the scaling of the mean fluid
velocity, both in the cell and in the perforation clusters. We also consider














requires pumping the fluids at a high pressure into the casing to achieve
the required flow rates through rather small perforations in comparison with
previous works. These experimental conditions are particularly unique since
scaling of perforation clusters has not been considered before. We study the
transport and placement of sand proppant at different fluid velocities and for
different duration of the fracturing treatment. We find that the dynamics in
the cell presents large vortexes, with local velocities significantly exceeding
the mean fluid velocity. These vortexes dominate the proppant transport
along a large portion of the cell length. We analyze the size, shape and
position of the settled dunes. At low pumping rates, our results are consistent
with those from Sahai et al. [8] and Liu [15]. However, for pumping rates
compatible with usual field operations, most proppant is washed out and
transported deep into the fracture, beyond the limits of the region simulated
in the experiment. Since these types of proppant transport laboratory devices
are significantly idealized, we added to the fracture some degree of roughness
and tortuosity. The preliminary finding is that the vorticity observed in
smooth slots is remarkably reduced and settling is much more significant.
2. Model scaling
During the design of laboratory experiments that aim at mimicking a real
fracture, the scaling is an essential step to warrant that the flow patterns
observed comply with kinematic and dynamical similitude [21]. The scaling
of these type of experiments has been discussed previously by others [1, 8].
However, little stress has been put on the implications of the scaling decisions














this section we discuss this with some detail since this will become crucial
when interpreting the results and in the comparison with results of similar
experimental devices described in the literature.
There is a special complexity associated to the scaling of a hydraulic
fracture with the goal of proppant transport studies. Since the proppant and
the fluid generally used for the tests in the laboratory will be the same as the
ones used in a field operation, the aperture of the model fracture cannot be
scaled down. As a consequence, the height and length of the fracture is scaled
while the width is conserved to keep the same ratio between the particle size
and the fracture aperture. Despite this limitation, as long as the length and
height remains much larger than the aperture, the correct dynamic scaling
can be achieved since the laboratory cell will still correspond to a parallel
plates configuration (akin a Hele–Shaw cell). In addition, if different fluids
are used in consecutive stages, scaling must consider the effect of convection
due to fluid density gradients since convection is much faster than particle
settling [14]. We will not consider this effect since only one type of fluid will
be used in the tests.
To comply with dynamical similarity, we will require that the Reynolds
number (Re) for the fluid in the parallel plates configuration, for the particles
and for the perforations used for injection must be the same as in the field.
2.1. Reference fracture.
As a reference, we set a series of dimensions for a field operation that we
aim at modeling in the laboratory. We consider a planar fracture in a very
low permeability formation (e.g., a shale) with a constant thickness of 6.0














height selected is a few times larger than used by other author. This is due
to the interest in modeling fractures usually attained in the Vaca Muerta
formation (Neuquén, Argentina). We assume the fracturing fluid is pumped
at a constant flow rate of 0.16 m3/s (i.e., ≈ 60 bpm) which is divided in half
to feed each half-wing. This results in a mean fluid velocity of 0.33 m/s in
the fracture. In addition, we will scale the laboratory device to inject the
fluids through two small regions compared to the fracture height to model
the perforation clusters. We assume that each cluster has 38 perforations
of diameter 0.38 in. Then, the total cross-section through which the fluid is
injected in each cluster, assuming all the perforations are active, corresponds
to 2784 mm2. Table 1 summarizes the field dimensions.
2.2. Re for the parallel plates.
All the experiments carried out in this study use fresh water as the trans-
port fluid.
The Reynolds number for a parallel plates configuration is defined as
Refrac = ρv2e/µ for a Newtonian fluid with dynamic viscosity µ. Here,
e is the plates separation, ρ is the fluid density and v is the velocity of
the fluid parallel to the plates. Hence, if one utilizes the same fluid as in
the field and the fracture aperture e is the same as in a realistic fracture,
the same Refrac will be obtained by simply setting the mean fluid velocity
parallel to the plates equal to the field mean velocity. For the reference field
dimensions described above, the mean velocity in the fracture is about 0.33
m/s. Therefore, the flow rate Q′ needed to set this mean velocity in the














Q′ = e× h′ × 0.33 m/s; (1)
being h′ the height of the scaled cell.
Table 1 shows that the scaling of the pumping rate warrants that Refrac
be the same in the field and in the scaled cell. We have to bear in mind that
a field operation will inject fluid into two half-wings, while our scaled cell in
the lab will only represent one half-wing.
2.3. Re for the particles.
The particle Reynolds number in a Newtonian fluid is defined as Repart =
ρvd/µ , where d is the particle diameter and v its velocity with respect to
the fluid. Again, since the proppant particles will be the same as those used
in field operations, this Re in the lab is simply obtained by using the same
conveying fluid and the same velocities v, as discussed in section 2.2.
2.4. Re for the perforations.
One more Reynolds number, generally disregarded in the literature, ap-
pears to be relevant in this scaling. The injection into the fracture occurs
through a narrow section of the fracture height: the perforation cluster. As
a result, the fluid dynamics in the fracture is very complex close to the per-
forations and cannot be thought of as a smooth velocity profile across the
height of the fracture. This is an important feature to be considered dur-
ing the analysis of the results in the following sections. We will show that
the complex dynamics of the fluids in the fracture extends far beyond the
distances expected in most simple models and also the distance observed in














The Reynolds number for any perforation, considered as a pipe, is defined
as Reperf = ρvdperf/µ , for a Newtonian fluid, with dperf the diameter of the
perforation and v the velocity of the fluid.
In practice, a few clusters of perforations are stimulated simultaneously at
each stimulation stage. In vertical boreholes, two neighbor perforation clus-
ters may connect to the same vertical fracture. We have modeled each perfo-
ration cluster (two in our case) as a single inlet perforation each. These cir-
cular inlets have a cross section which conserves the same proportion (about
170) with the cell cross section as the proportion of perforated area in the
casing versus the field fracture cross section (two half-wing). In doing this,
we create injection regions that are of the same size as the real perforation
clusters when compared with the entire fracture. However, in the field, the
fluid is not pumped through a single orifice but through a number of small
orifices at each cluster. This makes the laboratory Reynolds number at the
perforations somewhat smaller than in each real perforation. Nonetheless,
the Reynolds numbers are still in the same highly turbulent regime (see Table
1). The fluis velocities we achieve in the perforations (> 28 m/s) are much
higher than the values reported by Liu [15].
2.5. Other nondimensional quantities
A number of relevant nondimensional parameters (other than the Reynolds
numbers) can be shown to be conserved in the experiments if the proppant
particles, carrying fluid, cell width and mean fluid velocity are the same as
in the field [1, 9]. In Table 1, we include the values for the Buoyancy number
(Bu = ρge
µγ̇
), the Shields number (θ = τ
(ρp−ρ)gd), the particle-to-fluid density
ratio (ρp/ρ), the Stokes-to-Froude ratio (St/Fr
2 = mg
6πdµ














height-to-length ratio (h/L). Here m is the proppant particle mass, ρp is the
material density of the proppant, g is the acceleration of gravity, γ̇ = v/e is
the shear rate and τ = µv/e is the shear stress on a deposited granular bed
(estimated following Ref. [9]).
2.6. Length and time scales.
Our laboratory cell is scaled 1:50 in the horizontal (x) and vertical (y)
directions with respect to the reference fracture. As we mentioned, the aper-
ture e of the slot is the same as the field fracture: 6 mm. Then, the cell
cross section (e× h) is reduced 50 times. The pumping rate will be reduced
100 times to conserve the mean fluid velocity in the cell. Again, note that
only one half-wing of the fracture is simulated. As we discussed above, this
warrants that the Reynolds numbers are equivalent to the ones in the field
(see Eq. (1)).
In the direction perpendicular to the cell plane (the z-direction), the
length scales are conserved. However, in the xy–plane a single proppant par-
ticle covers a relative area 50×50 = 2500 times larger than the same particle
in the reference fracture. The typical amount of fluid and proppant needed
for the model is therefore 2500 times smaller than in the field operation.
The field fracture and the laboratory model are kinetically similar; i.e.,
the ratio between the fluid velocity in two corresponding points (field and
model) is always the same. In our case, this ratio is 1 (one). Hence, the
velocity in the vicinity of the model perforations match the one observed
in the field, and the same is true in any other place of the cell. However,
the horizontal and vertical length scales have been reduced 50 times. As














respect to the field operation. In practice, this means that a full operation
that takes 100 min in the field will be accomplished in 2 min in the laboratory
cell. Hence, to appreciate the kinematic effects in the video of a laboratory




Figure 1 shows a drawing to scale of the experimental device. The cell
consist in two vertical parallel acrylic plates (25.0 mm thick) separated by
a stainless steel frame (the inner perimeter is 1600 mm long and 800 mm
high). The acrylic plates are slimmer on the edges to allow them to fit into
the frame and leave a gap of 6 mm between them inside the frame. An
elastomeric seal is used between the frame and the plates. The frame has
two inlet perforations (6 mm in diameter) at 350 mm and 450 mm from the
base. The outlet side has 49 perforations (6 mm in diameter) distributed
along its height. Every 7 outlet orifices, a collector redirects the exiting fluid
to a sink tank. The inlet side of the stainless steel frame is welded to a 2 in
stainless steel pipe that serves as casing. The two acrylic plates are sustained
in position by two metallic matrices of 60 mm in thickness. These matrices
avoid the cell to deform under pressure during the experiments. The parallel
plates with the matrices were tested to deform a maximum of 0.2 mm during
the tests. Hence, the aperture of the cell is conserved within 7 %. We have
checked that the gap between the parallel plates is correct by measuring the














The slurry is injected into the cell through the casing and inlet perfora-
tions by a peristaltic pump (Verderflex Dura-45). Due to the relatively high
flow rate required to be pumped through the small perforations, the casing
pressure rises up to 12 Kg/cm2. The selected pump is a positive displace-
ment pump that allows a defined flow rate to be delivered up to differential
pressures of 16 Kg/cm2.
The pump is fed from a blender where the fluid and proppant are mixed
using a rotating blade with controlled velocity. A system of pneumatic valves
is used to swap between slurry and fresh water supply to the pump. Since the
peristaltic pump delivers a pulsed flow, a flow damper is used after the pump
to deliver a continuous flow rate to the cell. A flow meter and two pressure
gages are used to monitor flow rate and cell pressure during the experiments.
At the drainage, a fabric filter is used to collect the exiting proppant and so
measure the amount placed beyond the length of the cell. We have controlled
that the flow rate set to the pump is indeed achieved according to our flow
meter in each run.
Video recordings of the cell during each experiment are taken using a dig-
ital camera at 120 frames per second with full HD resolution. After pumping
is stopped and proppant has fully settled, an image is taken at 4032 × 3024
pixel resolution. To reduce the exposure time at high speed recording, two
white LED lights (250 W, 22500 lumen each) and light diffusers are used.
In a few exploratory experiments, we have used a “rough” and “tortuous”
slot. In this case, two acrylic plates where mechanized using a CNC router;
one being complementary (negative) to the other. The separation between














a two-dimensional harmonic function (sinx sin y) with wavelength 200.0 mm
and pick-to-pick amplitude 9.0 mm. On top of this long wavelength shape,
3.0 mm-deep grooves are created along the vertical y-direction every 5.0 mm
to mimic some roughness. An image of one of the rough plates can be seen
in Fig. 6. Thanks to the close refraction index of water and the acrylic used,
transparency is only marginally affected by the rough surfaces.
3.2. Experimental protocols.
An experimental run consist of a series of steps. Firstly, the cell and the
pipes must be purged. The purges valves are opened and water is pumped
through the cell at a low rate until the cell is full of water. A few valves of
the drain need to be closed so that the pressure inside the cell rises and the
air can be removed through the purge valves. This procedure is repeated at
higher flow rate until the desired pumping rate for the experiment is achieved
and there is not visible air in the cell. Then, the purge valves are closed, the
drain valves opened and the pressure gage and flow meter recording started.
Secondly, the fracturing fluid is prepared. Water is placed in the blender
with its outlet valve closed. The blender motor is started and set to the
lowest possible frequency that warrants that most proppant will be kept in
suspension in the blender. Proppant is placed through the loading mouth
of the blender in the desired proportion. In some experiments, a continuous
feeding of water and proppant is used since the blender capacity is limited.
Thirdly, we configure the flow rate in the peristaltic pump frequency
inverter to the desired value. The flow damper, with its isolation valve closed,
is pressurized at the calibrated pressure required for the flow rate chosen.














the isolation valve of the flow damper is opened and the flow is left to stabilize
(approximately 5 s). Only then, the pneumatic valves from water tank and
blender are inverted and the fracturing fluid is allowed to be pumped into the
cell. After the entire volume of the mixture is evacuated from the blender, the
pneumatic valves are inverted again to pump further water through the pipes
and ensure that no fracturing mixture is left in the pipes. The peristaltic
pump is stopped right after observing that proppant injection in the cell has
ceased, avoiding any over-flush.
Recording of the cell is started just before initiating the proppant injection
and stopped after full settling of the particles. Depending on the flow rate
and amount of proppant injected, the total injection time varies between 12
s and 100 s. Scaling to field operations, this corresponds to 10–83 min.
4. Results
All the experiments were carried out using as proppant a natural sand
(mesh 30/70, apparent bulk density 1520 kg/m3). The proppant concentra-
tion used in the mixture was 0.5 kg/l (about 2.0 lb/gal). We have varied the
flow rate and total amount of fluid injected. The relevant quantities for each
experiment are listed in Table 2. The lower flow rate scales to the reference
field operation to 40 bpm, the higher flow rate to 62 bpm. We recall here
that flow rate has been scaled down 50 times and also only half-wing of the
fracture is simulated.
4.1. Flow pattern.
Figure 2 shows a series of snapshots during one experimental run. For














in the literature are apparent. For example, some proppant settles during
pumping and a dune forms. Part of the proppant injected later seems to
overcome the initial dune and deposit deeper into the fracture as described
by others [7–9, 15]. However, the flow pattern is very complex in agreement
with the early discussion by Liu [15]. Due to the scaled perforation through
which the fluid is injected, large vortexes are created in the cell since strong
narrow streams enter into a large section. These vortexes are active along
the entire length of the cell. In contrast, in Liu’s work, the complex flow
only covered the initial part of the cell. We believe our cell is more affected
by turbulence due to the fact that the entering jet velocities are seven times
higher and the cell is twice as high as Liu’s cell. A clear recirculation is
observed along the top edge of the cell and at the bottom right corner. We
do not see a clear homogeneous flow profile. Such homogeneous profile may
develop further downstream, but our cell is not long enough to capture this.
Given that our cell and perforations were designed to attain kinetic simil-
itude, one should expect a similar flow pattern to be present in a field op-
eration. This would mean that, typically, for a 40 m high fracture, the flow
pattern is rather complex at least during the initial 80 m of the fracture
length. Due to the vortexes, the fluid velocity is well above the mean flow
velocity in several regions, which leads to stronger sand erosion than it may
be expected. To better show this effect, a movie is provided as supplemen-
tal material.2 This movie has been slowed down to scale (1:50) so that the
2Video of the experimental run for a flow rate of 61.0 l/min where 25 kg of proppant
has been injected. The video is played at 1/50 speed to observe the dynamics scaled to














velocities observed are in accordance to a field fracture scale.
It is important to bear in mind that a field fracture will present some
degree of roughness and tortuosity. This may change significantly the flow
pattern. However, if one compares results of previous studies made with
smooth cells at lower pumping rates or without a scaling of the perforations,
the flow pattern is markedly different. In section 4.4, we will show some
preliminary indications of the effect of roughness and tortuosity.
An additional important point in the flow pattern observed is the posi-
tioning of the inlet perforations [15]. We have placed the perforations at a
central position with respect to the fracture. A different placement may lead
to a different configuration of the vortexes that may change the proppant
transport to a large extent. The entire process seems to be very much deter-
mined by these vortex configuration. Notice however that this pattern of the
flow will develop as proppant is deposited and the resulting dune changes the
effective geometry of the cell. An simulation study of the effect of perforation
placement for the initial stages of the operation can be seen in Ref. [22].
4.2. Deposited dune.
Figure 3 shows the final deposited dune after 25 kg of proppant has been
injected at different flow rates. This is equivalent to a field operation of about
83 min for the lowest (or 50 min for the highest) pumping rate studied. The
lower-right panel of Fig. 3 shows the extracted dune profiles for comparison.
As we can see, the lower the pumping rate, the larger is the final deposited















the limits of the cell through the outlet perforations. As it is expected, the
deposited dune is placed closer to the inlet perforations as the flow rate used
is reduced. However, the large vortexes in the cell tend to wash the first half
of the cell length, leaving only a small heap next to the casing thanks to a
low velocity region in the lower right side of the cell.
It is important to mention that the small heap (approximately 20 cm
high) observed at high pumping rates (compatible with 60 bpm) corresponds
to a height of 10 m in the field. At the highest pumping rate, Liu observed
that the developed dune equilibrates at a height of 8 m. Although the final
results seem similar, in Liu’s work the gap between the dune and the ceiling
of the cell is very narrow (3 m at field scale), having then propped most of the
fracture height. In effect, for our tall fracture, a high pumping rate prevents
us to take full advantage of propping the entire height of the formation.
In Fig. 4, we present images of the final dune after different amounts
of proppant have been injected using the lower flow rate (61.0 l/min). The
injection of a small quantity of proppant does not generate a heap but a
somewhat flat sand bed. Despite the erosion expected due to the vortexes
close to the casing, the proppant does not really settle during the short
experiment. After turning off the injection, the suspended sand settles rather
homogeneously in the cell. If the amount injected is larger, the experiment
last longer and the sand settles partially during the injection phase. A heap
forms and grows at about three quarters of the length of the cell. In terms of
the field reference fracture, this would position the tip of the dune at about
60 m from the wellbore. The height of the dune increases with the amount














sand bed and depletes the near wellbore area. In fact, injecting a moderate
amount of proppant seems to be beneficial to avoid the depleted region close
to the perforations.
4.3. Area of deposited dune.
Despite the different dune shapes and positions observed in the experi-
ments, one key parameter to assess the quality of an operation is the total
area of the fracture effectively covered by the deposited dune. In Fig. 5, we
show the fraction of the total cell area covered by the proppant as a function
of flow rate (a) and as a function of total amount of proppant injected (b).
As it can be expected, the higher the flow rate, the lower the area of the
dune. However, the proppant that left the cell through the exit perforations
are effectively covering deeper parts of the fracture in a real operation. The
values reported here are in fact an indication of the area covered in the first
80 m of the fracture length.
When we focus on the area of the dune as a function of the total amount
of proppant injected, we also see an important increase (Fig. 5b). However,
this increase is mild and saturates quickly for the higher injection rates.
This indicates that for 60 bpm pumping, the amount of sand deposited in
the initial 80 m of the fracture is small and independent of the duration of
the operation.
4.4. Effect of roughness and tortuosity
Our results with a smooth planar cell suggest that results of previous stud-
ies may not be representative of real operations since the high fluid velocities














high vorticity obtained in these experiments may be also unrealistic since
other simplifications are dramatic in the laboratory cell. One such simplifi-
cation is the smooth character of the cell and the direct entrance of fluid to
the slot though the perforations. Actual fractures are not perfectly planar
nor smooth. We have used the rough slot described in section 3.1 to asses in
a qualitative fashion the effect that this may have on the complexity of the
flow profile.
Figure 6 shows the progression of the flow profile in a test with the same
pumping rate and proppant concentration as in Fig. 2 but using the rough
slot. As we can see, the complex eddies observed in Fig. 2 are not apparent.
The flow looks much more homogeneous despite some recirculation is clear
at the top-right corner of the cell. The transport is much less efficient, in
the sense that a larger proportion of the proppant settles in the cell before
leaving though the outlet perforations.
The settling observed in the rough slot looks qualitatively similar to the
one shown by previous studies where smooth slots are used, although with
a much lower fluid velocity than recommended by proper scaling. Previous
laboratory results may sound reasonable, but this may be caused by an error
compensation. The smooth slot allows for an unrealistic deep placement of
the proppant, but this is compensated by the use of a too low flow velocity.
5. Conclusions
Propping the near wellbore area is critical to avoid “pinch-out”. Pinch-
out is the phenomenon that leads to the closure of a section of the fracture














warrant a conductive fracture all the way back to the casing, a proper un-
derstanding of the dynamics of the fracturing slurry in the initial sections
of the fracture, close to the perforations, is very valuable. In this work, we
have put special attention at scaling not only the experimental slot cell and
flow rate but also the perforations. In this way, we can assess the expected
dynamics along the initial 80 m of a reference fracture compatible with those
observed in thick shale formations.
The dynamics observed in our experiments indicate that at the usual
operation pumping rates (60 bpm), the fluid will develop large vortexes that
extend over a long distance and height, creating a very complex pattern. A
more homogeneous flow profile may be observed far deeper into the fracture
(beyond 80 m). This strongly turbulent dynamics washes out the proppant
(for the tested 30/70 natural sand), dragging most of the material deep into
the fracture. Moderate pumping rates (equivalent to 40 bpm in the field)
will however create a tall dune at about 60 m from the perforations. These
results fill a gap in view of other experiments that explore different regimes,
where fluid velocities are about one order of magnitude smaller [9–11], where
perforations have not been scaled [7–9, 15].
Despite the previous conclusions drawn for smooth planar slots with
proper scaling, realistic fracture models should include other details that may
affect significantly these observations. In particular, we have considered, in
an exploratory fashion, the effect of roughness and tortuosity. The observed
vorticity and deep proppant placement seems to be strongly affected. This
suggest that much more research is necessary before scaled fracture experi-
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Figure 1: Drawing of the experimental device (to scale): (1) Peristaltic pump and flow
damper, (2) fresh water tank, (3) blender, (4) flow meter, (5) cell, (6) pressure gages (and
purge valves), (7) supporting table, (8) drainage.
Figure 2: Snapshots of an experimental run for a flow rate of 61.0 l/min where 25 kg of
proppant has been injected through the right perforations. In the reference field fracture
this corresponds to pumping at 40 bpm a 30/70 natural sand at 2.0 lb/gal concentration
during 83 min. The final settled dune contains about 9.1 kg of proppant, the rest having
been transported through the outlet perforations. The labels indicate the time elapsed
since the initial injection of sand. The final snapshot was taken after turning off the pump
and letting the proppant settle down. See also the full video provided as supplemental
material.
Figure 3: Images of the final dune for different flow rates as indicated in the legends.
These flow rates correspond in the reference fracture to: 38 bpm, 45 bpm, 52 bpm, 58
bpm and 63 bpm. (Bottom-right) Profile of the final dune in each image.
Figure 4: Images of the final dune for different total amount of proppant injected as
indicated in the legends. (lower-right) Profile of the final dune in each image.
Figure 5: Percentage of the cell covered by the deposited proppant as a function of the
flow rate (a) and as a function of the amount injected proppant (b).
Figure 6: (upper left) Photograph of the inside of one of the plates of the rough cell.
Snapshots of an experimental run using the rough slot for a flow rate of 61.0 l/min where
25 kg of proppant has been injected through the right perforations. These are the same
conditions as in Fig. 2. The final settled dune contains about 12.5 kg of proppant (compare
with the 9.1 kg in Fig. 2), the rest having been transported through the outlet perforations.
The labels indicate the time elapsed since the initial injection of sand. The final snapshot














Table 1: List of dimensions for the field reference fracture and the laboratory cell.
Property Field Lab. cell (half-wing)
Fracture height 40.00 m 0.80 m
Fracture half-wing length 80.00 m 1.60 m
Fracture width 6.00 mm 6.00 mm
Perforation clusters 2 2
No perf. per cluster 38 1
Perforation diameter 9.65 mm 6.00 mm
Effective cluster cross section 2779 mm2 28.27 mm2
Pumping rate 0.16 m3/s 0.0016 m3/s
Mean velocity in fracture 0.33 m/s 0.33 m/s
Mean velocity in perforation 28.79 m/s 28.29 m/s
Fluid density (ρ, water) 1000 kg m−3 1000 kg m−3
Fluid viscosity 0.001 kg m−1 s−1 0.001 kg m−1 s−1
Operation time 60 min 72 s
Re fracture (water) 3300 3300
Re perforation (water) 2.8 × 108 1.6 × 105
Bu (water) 10.69 10.69
θ (water and 30/70 sand) 0.92 0.92
ρp/ρ (water and 30/70 sand) 2.533 2.533
St/Fr2 (water and 30/70 sand) 0.0011 0.0011
Fracture height/fracture length 0.5 0.5














Table 2: Conditions of the experiments. The two last columns indicate the total amount
of proppant and water pumped in the fracturing mixture, respectively.
N Flow rate Proppant Water
[l/min] [kg] [l]
1 61.0 5.0 20
2 61.0 10.0 40
3 61.0 15.0 60
4 61.0 20.0 80
5 61.0 25.0 100
6 72.2 5.0 20
7 72.2 10.0 40
8 72.2 15.0 60
9 72.2 20.0 80
10 72.2 25.0 100
11 83.4 5.0 20
12 83.4 10.0 40
13 83.4 15.0 60
14 83.4 20.0 80
15 83.4 25.0 100
16 91.7 5.0 20
17 91.7 10.0 40
18 91.7 15.0 60
19 91.7 20.0 80
20 91.7 25.0 100
21 100.0 5.0 20
22 100.0 10.0 40
23 100.0 15.0 60
24 100.0 20.0 80
25 100.0 25.0 100
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